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ABSTRACT
Multi-wavelength observations show that Abell 1367 (A1367) is a dynamically young
cluster, with at least two subclusters merging along the SE-NW direction. With the
wide-field XMM-Newton mosaic of A1367, we discover a previously unknown merger
shock at the NW edge of the cluster. We estimate the shock Mach number from the
density and temperature jumps as Mρ = 1.21±0.08 and MT = 1.60±0.07, respectively.
This shock region also corresponds to a radio relic discovered with the VLA and GBT,
which could be produced by the shock re-acceleration of pre-existing seed relativistic
electrons. We suggest that some of the seed relativistic electrons originate from late-
type, star-forming galaxies in this region.
Key words: galaxies: clusters: individual: Abell 1367 – galaxies: clusters: intracluster
medium – X-rays: galaxies: clusters
1 INTRODUCTION
Galaxy clusters are the most massive virialized systems in
the Universe. They form hierarchically through the merger
of smaller substructures. Major cluster mergers are the most
energetic events since the Big Bang, with their total kinetic
energy reaching 1064 ergs. Although most of the kinetic en-
ergy is in bulk motion of the dark matter, the dominant mass
component, a significant portion of this energy is dissipated
into the intracluster medium (ICM) through shock heating.
The merger shocks provide novel tools to study the ICM
on micro and macro scales, where gravity, thermal pressure,
magnetic fields, and relativistic particles are at play (e.g.
Markevitch & Vikhlinin 2007). Although shocks should be
pervasive in merging systems, only about twenty shocks in
clusters with favorable merger geometry have so far been
detected with X-ray observations (e.g. Dasadia et al. 2016),
⋆ chong.ge@uah.edu
† ming.sun@uah.edu
while more than forty radio relics have been identified in
radio (e.g. van Weeren et al. 2019).
A1367 lies at the intersection of two large filaments,
which connect to Virgo in the southeast and to Coma in
the northeast (West & Blakeslee 2000). A1367 is also a dy-
namically young cluster based on its high fraction of spiral
galaxies, low central galaxy density, and irregular X-ray mor-
phology (e.g. Bechtold et al. 1983; Butcher & Oemler 1984).
Detailed spatial and dynamical analysis of member galax-
ies shows a significantly non-Gaussian velocity distribution,
and that the cluster is elongated from the southeast (SE)
to the northwest (NW) with two main density peaks asso-
ciated with two substructures (Cortese et al. 2004). X-ray
observations from ASCA (Donnelly et al. 1998) and Chan-
dra (Sun & Murray 2002) show that the temperature of the
NW subcluster (∼4 keV) is higher than the SE subcluster
(∼3 keV). Both temperature maps show that the hottest
region is near the NW edge.
Here, based on theXMM-Newton observations of A1367
we report the detection of a merger shock in the NW region
c© 2019 The Authors
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Table 1. XMM-Newton observations
Obs-ID PI Exp (ks)a Clean Exp (ks)a
0005210101 R. Fusco-Femiano 32.9/32.9/28.5 26.0/26.1/14.9
0061740101 W. Forman 32.6/32.6/28.0 28.7/29.5/17.4
0301900601 A. Wolter 29.6/29.6/27.9 19.5/19.6/13.0
0602200101 A. Finoguenov 24.6/24.6/20.7 22.5/23.6/14.0
0602200201 A. Finoguenov 13.6/13.6/9.7 12.6/12.3/7.0
0602200301 A. Finoguenov 22.0/22.1/19.5 5.4/6.0/0.8
0823200101 M. Sun 71.6/71.6/69.8 66.0/66.8/50.4
aEPIC exposures of the MOS1/MOS2/pn cameras.
of the cluster. We assume a cosmology with H0 = 70 km s
−1
Mpc−1, Ωm = 0.3, and ΩΛ = 0.7. At the A1367 redshift of
z = 0.022, 1′′ = 0.445 kpc.
2 DATA ANALYSIS
Table 1 lists the detailed information for the XMM-Newton
observations. We processed the XMM-Newton MOS and pn
data using the Extended Source Analysis Software (ESAS),
as integrated into the XMM-Newton Science Analysis Sys-
tem (SAS; version 17.0.0), following the procedures in
Ge et al. (2019). Our background analysis follows the stan-
dard ESAS procedure, aided by the source-free regions in
the XMM-Newton data and the off-cluster RASS spectrum.
The spectra from MOS/pn and multiple observations are fit-
ted jointly with the XSPEC package. We use the AtomDB
(version 3.0.8) database of atomic data and the solar abun-
dance tables from Asplund et al. (2009). The Galactic col-
umn density NH = 1.91×10
20 cm−2 is taken from the NHtot
tool (Willingale et al. 2013).
3 RESULTS
3.1 Merger shock
Fig. 1(A) shows the 0.5-2.0 keV image combined from all
seven XMM-Newton observations. As seen in previous X-
ray observations, the diffuse X-ray emission is elongated in
the SE to NW direction. We note a brightness edge in the
NW, which is marked with a white dashed line. Our further
analysis suggests that this is a shock front.
We extract a surface brightness profile (SBP) from the
NW subcluster in self-similar elliptical pie annuli enclosed
within the white sector shown in Fig. 1(A). The center of
these annuli is on the X-ray peak. The shape of the ellipses
matches approximately the sharp outer surface brightness
edge. Fig. 1(B) shows the SBP; the dashed line marks the
location of the surface brightness edge, where there is an
emissivity jump and the slope changes. To fit the SBP, we
assume the X-ray emissivity is constant on self-similar el-
lipsoidal surfaces, the principal axis of these ellipsoids is in
the plane of the sky, and the emissivity has an ellipsoidal
discontinuity and follows different power-law functions of
the elliptical radius inside and outside this discontinuity
(Sarazin et al. 2016). The best-fit gas density jump across
the edge is ρ2/ρ1 = 1.30± 0.12, where suffixes 2 and 1 de-
note the post-shock and pre-shock regions respectively. We
then apply the Rankine-Hugoniot jump condition (γ = 5/3
for a monoatomic gas) to determine the shock Mach number
of Mρ = 1.21±0.08.
We also measure the temperature jump from X-ray
spectroscopy in the post-shock and pre-shock regions.
Fig. 1(B) shows the projected temperature profile, taken
from the same sector as used for the SBP. The post-shock
projected TX is ∼ 4.0 keV, while the pre-shock projected TX
is ∼ 2.5 keV. To deproject the temperature, we use a similar
method to the “onion-peeling” technique (Sun et al. 2003),
with the assumptions of spherical symmetry and uniform
cluster temperature in each spherical shell. We use Monte
Carlo simulations to populate counts in a 3D shell, and then
project them on a 2D image where each pixel represents
the number of counts integrated along the line of sight in
the shell. The normalizing ratio in different temperature ex-
traction sectors is estimated from the counts ratio in the
projected 2D image after applying the same sector mask,
where the point sources, chip gaps, and wedge shaped re-
gions are accounted for. However, the pre-shock region is
close to R500 and the outside region has too few counts for
spectral fitting. Instead, we do a model extrapolation, as-
suming the density follows a β -model (β = 2/3) and use the
temperature profile from Vikhlinin et al. (2006). The result-
ing deprojected TX profile is presented in Fig. 1(B). The
deprojected TX jump is T2/T1 = 1.60± 0.07. Applying the
Rankine-Hugoniot jump condition, the corresponding Mach
number is MT = 1.60±0.07.
Both the gas density jump of 1.30±0.12 and tempera-
ture jump of 1.60±0.07 indicate a robust shock in the NW
region of A1367. Although there is a small discrepancy be-
tween the Mach numbers Mρ and MT , which may be the re-
sult of the assumptions we used, e.g. ellipsoidal or spherical
symmetry, the shock propagation is in the plane of the sky
or the result of projection problems, the uncertain pre-shock
temperature from model extrapolation.
3.2 Temperature and metallicity maps
We apply the Contour Binning algorithm (Sanders 2006)
to generate spatial bins that closely follow the X-ray sur-
face brightness. After masking the point sources and some
extended features, a signal-to-noise ratio of 100 is selected,
which requires ∼ 10,000 background-subtracted counts per
bin. A geometric constraint value of 2 is also selected to en-
sure the bin region would not be too elongated. We then
extract the spectra and response files from individual bins.
The best fitting temperature and metallicity maps are shown
in Fig. 1.
The XMM-Newton temperature map is consistent with
previous ones from ASCA (Donnelly et al. 1998) and Chan-
dra (Sun & Murray 2002). In general, the NW subcluster is
hotter than the SE one. The hottest ICM is located in the
post-shock region near the NW edge. Beyond this edge, the
temperature suddenly drops; this edge is a typical feature
of a shock front. The metallicity map shows that the SE
subcluster has higher abundances than the NW one. The
metallicity peak of ∼ 0.5 Z⊙ is located near the core of the
SE subcluster. The temperature is also lower in this region,
which could indicate a cool core.
MNRAS 000, 000–000 (2019)
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Figure 1. (A): XMM-Newton EPIC combined 0.5-2.0 keV background subtracted, exposure corrected, and smoothed image. Notable
features are marked: circles mark the BCGs of the NW (NGC 3842) and SE (NGC 3862/3C 264) subclusters, which are bright X-ray
sources; arrows mark the direction of motion for galaxies with Hα tails emission (Yagi et al. 2017); crosses mark the background radio
sources in the post-shock region; black contours show the 1.4 GHz continuum from NVSS at 4, 8, 16, 32, and 64 mJy beam−1; the white
sector marks the extraction region for SBP shown in the (B) panel and the dashed line shows a surface brightness edge (shock front);
the green dashed circle is R500 = 924 kpc; the bar at bottom right shows 15 arcmin/400 kpc (same for the bottom two panels). (B):
SBP and temperature profiles. The blue line shows the best fitting power-law model with an ellipsoidal emissivity discontinuity. Black
dots give the projected temperature, while hollow dots are the deprojected temperature. The dashed line marks the shock front. (C):
Gas temperature map with a color bar unit of keV, overlaid with contours from the 1.4 GHz radio map of diffuse emission from GBT
(Farnsworth et al. 2013). (D): ICM metallicity map with a unit of Z⊙.
4 DISCUSSION
4.1 Diffuse radio emission
The NW region of A1367 has been known to host a radio
relic for over 40 years (Gavazzi 1978; Gavazzi & Jaffe 1987;
Farnsworth et al. 2013). We overlay the diffuse radio con-
tours from the GBT-NVSS residual map (Farnsworth et al.
2013) on the gas temperature map in Fig. 1(C). The relic’s
largest linear scale (LLS) is ∼ 600 kpc with a 1.4 GHz flux of
S1.4 = 232±28 mJy (note S1.4 = 103±21 mJy from Gavazzi
1978). Its peak (total) fractional polarization is ∼18% (15%)
(Farnsworth et al. 2013), and the high level of polarization
(& 10% at GHz) is typical for a radio relic. The relic is co-
incident with the shock region. With a radio luminosity of
P1.4 = 2.5×10
23 W Hz−1 and a mass of M500 = 2.3×10
14 M⊙,
estimated from the mean X-ray temperature (Sun et al.
2009), A1367’s radio relic is among the faintest known with
the ICM shock detected and still on the average mass-
luminosity relation for relics (e.g. de Gasperin et al. 2014).
MNRAS 000, 000–000 (2019)
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The origin of radio relics in galaxy clusters is still under
debate. Theoretical work suggests that the particle acceler-
ation efficiency from the thermal pool of the ICM to the
synchrotron emitting electrons via the diffusive shock ac-
celeration (DSA) mechanism is very low (e.g. Kang & Ryu
2011), especially for shocks with M < 3. Observations from
the Bullet cluster show that the diffuse radio features, asso-
ciated with shocks of similar Mach numbers, are significantly
different from each other (Shimwell et al. 2015). A possible
explanation is that pre-existing seed relativistic electrons are
necessary for the shock to re-accelerate or compress. The
seed electrons are typically proposed to arise from structure
formation shocks (e.g. Pinzke et al. 2013) or radio galaxies
with an active galactic nucleus (AGN), which is either cur-
rently active or was active in the past (e.g. van Weeren et al.
2017). Fig. 1(A) shows the 1.4 GHz radio continuum con-
tours from NVSS. Excluding the background radio AGN, we
do not find any bright radio AGN close to the shock region,
except for the small scale (∼ 20 kpc) radio emission associ-
ated with the brightest cluster galaxy (BCG) NGC 3842.
On the other hand, we note there are three star-
burst galaxies (CGCG 097-073, 097-079, and 097-087/
UGC 6697) with Hα and radio tails (Gavazzi & Jaffe 1987;
Gavazzi et al. 1995; Yagi et al. 2017) close to the shock re-
gion. Two of them are brighter than NGC 3842 at 1.4 GHz
(12.3 mJy from NVSS): UGC 6697 (53.9 mJy), CGCG 097-
073 (21.5 mJy), CGCG 097-079 (5.0 mJy). We estimate their
star formation rate (SFR) from the GALEX FUV andWISE
22 µm data with the relation derived by Hao et al. (2011):
UGC 6697 — 5.1M⊙yr
−1, CGCG 097-073 — 1.0M⊙yr
−1,
CGCG 097-079 — 2.1M⊙yr
−1. All three also have X-ray
tails opposite to their direction of motion as marked in
Fig. 1(A). The ram pressure stripping could strip the gas
from the galaxies, including the relativistic electrons. Star
formation also can proceed in the stripped gas in the intra-
cluster space (e.g. Sun et al. 2010). Indeed, the 1.4 GHz im-
age from Gavazzi & Jaffe (1987) suggests that the radio relic
is fed by the radio tails of CGCG 097-073 and CGCG 097-
079, while the radio tail of UGC 6697 also points in this
direction. Thus, in addition to the AGN, star formation ac-
tivities, e.g. acceleration of relativistic electrons in the su-
pernova remnant (SNR), can potentially provide seed rela-
tivistic electrons in the ICM. Meanwhile, the 1.4 GHz radio
luminosity function in nearby clusters (Miller & Owen 2002)
shows that the AGNs dominate at the high luminosities,
while the star-forming (SF) galaxies dominate at the low lu-
minosities. Alhough the total radio luminosity is higher from
the AGNs, they are more concentrated towards the cluster
center than SF galaxies. The contribution of cosmic-ray elec-
trons (CRe) from SF galaxies could be significant at the clus-
ter outskirts, where radio relics are usually found, especially
for a cluster accreting a galaxy group with a higher fraction
of SF galaxies. The possibility of CRe from intra-cluster SNe
producing the radio mini-halos has also been discussed (?).
Since the lifetime of fossil electrons stripped from these SF
galaxies is ∼ Gyr, they have lost most of their energy and
do not radiate within the observable radio band beyond the
radio continuum tails. However, these fossil electrons could
be efficiently re-accelerated at shocks and are therefore able
to create bright radio relics (e.g. van Weeren et al. 2017).
Based on the assumption that all the radiating elec-
trons originate from CRe injected in SF galaxies, we make
a rough estimate to the SFR needed to supply the observed
relic luminosity from shock re-acceleration of these CRe. We
start with the estimate of the total number of re-accelerated
electrons required from the radio data. The typical fre-
quency νc of synchrotron radiation by an electron of energy
Ee is given by νc = 1.4(Ee/10GeV)
2 (B/3µG) GHz. The syn-
chrotron radiation power of an electron that emits 1.4GHz
photon is Psyn = 3.8×10
−18(ν/1.4GHz)(B/3µG)erg s−1. The
observed flux is S1.4 = 232mJy, corresponding to a lumi-
nosity of νLν = 3.5× 10
39erg s−1 given a luminosity dis-
tance of 95Mpc for the cluster. This implies that the to-
tal number of 1.4GHz-radiating electrons is Ne,1.4GHz ≃
1057(ν/1.4GHz)−1(B/3µG)−1. Assuming that the merger
shock (MS) accelerates seed electrons to a power-law spec-
trum of dNe,MS/dEe =KMSE
−2
e as anticipated in the canonical
DSA theory, with KMS being the normalization constant, the
total number of re-accelerated electrons is
N
tot
e,MS =
∫
dNe,MS
dEe
dEe ≃ KMSE
−1
e,min (1)
where Ee,min is the minimum electron energy in the CRe
distribution. The electron number can also be given by
Ne,1.4GHz ≃ KMS(10GeV)
−1(ν/1.4GHz)−1/2(B/3µG)1/2. Sub-
stituting the expression of KMS obtained from the above two
Ne,1.4GHz expressions to Eq. (1), we then find that the total
number of re-accelerated electrons in the merger shock is
Ntot
e,MS = 10
57(Ee,min/10GeV)
−1(ν/1.4GHz)−1/2(B/3µG)−3/2.
Considering a time interval of 1Gyr for the system, the re-
quired CRe injection rate is Ntot
e,MS/1Gyr. Due to the conser-
vation of the total electron number between that at injec-
tion and that at re-acceleration, we can translate the CRe
injection rate to SFR rate as follows. We denote the total
luminosity of CRe (i.e., the energy injection rate of CRe) of
all the relevant SF galaxies by Le,SF, and assume that these
electrons also follow a power-law distribution of dN˙e,SF/dEe =
KSFE
−2
e . We find N˙e,SF = Le,SFE
−1
e,min/ ln(Ee,max/Ee,min), where
ln(Ee,max/Ee,min) ∼ 10. Thus, to supply sufficient seed elec-
trons for the re-acceleration, the required CRe injection lu-
minosity Le,SF can be found by equating N˙e,SF to N
tot
e,MS/1Gyr,
Le,SF ≃5×10
39
(
νLν
3.5×1039erg s−1
)(
t
1Gyr
)−1
×
( ν
1.4GHz
)−1/2( B
3µG
)−3/2
erg s−1.
(2)
In a galaxy, CRe are usually believed to be produced by
SNRs or possibly powerful winds of massive stars, both of
which are related to the star formation process. Given that
the CRe injection luminosity is ∼ 1039erg s−1 (Strong et al.
2010) while the SFR is ∼ 1M⊙yr
−1 in our Galaxy, we esti-
mate the SFR needed to support such a CRe injection lu-
minosity to be ∼ 5M⊙yr
−1. We therefore conclude that the
starburst galaxies in A1367 can provide a significant number
of seed relativistic electrons through stripping.
4.2 Merger dynamics
A1367 is undergoing a merger along the NW-SE filament to-
wards Virgo. We note that the gas temperature and metal-
licity are higher in the SW than in the NE (Fig. 1), which
could be due to the accretion of cooler, lower metallicity gas
MNRAS 000, 000–000 (2019)
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along the filament towards Coma in the NE (Forman et al.
2003).
Fig. 1(A) shows that the two BCGs in the subclus-
ters are offset from the X-ray peak. This is very similar to
the Bullet cluster (Markevitch et al. 2004), where the colli-
sionless dark matter and galaxies have passed through each
other, and the collisional hot gas lags behind. The X-ray
peak is in the SE subcluster. Its cool and ridge-like struc-
ture (Sun & Murray 2002) may indicate that it is a dis-
turbed cool core with a cold front (Ghizzardi et al. 2010). In
the NW, the density and temperature jumps show the pres-
ence of a shock. The sound speed is cs = 840 km s
−1 in the
pre-shock region from its temperature of T1 = 2.8 keV. The
Mach number of MT = 1.60 (the temperature jump should
be less sensitive to projection effects) gives a shock velocity
of v=Mcs = 1344 km s
−1. The distance between the BCGs of
the merging subclusters is 680 kpc. Assuming that the sub-
cluster moves at the shock velocity and the merger in the
plane of the sky, the two subclusters passed through each
other 0.7 Gyr ago.
In addition to the merger between the NW and SE
subclusters, Cortese et al. (2004) found that three groups
with a higher fraction of SF galaxies are falling into A1367.
Scott et al. (2010) found that A1367 is over-populated with
late-type galaxies, and the relatively gas rich blue galax-
ies are predominantly found in a region that is coinci-
dent with the radio relic (Fig. 14 in Scott et al. 2010).
The cluster merger and infalling groups would change the
environment of member galaxies. The ram pressure strip-
ping and tidal interaction could quench their star formation
and transform late-type galaxies to early-type galaxies (e.g.
Giovanelli & Haynes 1985; Boselli & Gavazzi 2006). The ac-
celerated galaxy evolution and rapid transformation indicate
a short period of enhanced star formation (e.g. Owen et al.
2005). Thus the sudden change in the environment of late-
type galaxies due to the cluster merger could trigger star
formation activity, which would produce the seed electrons
for the shock re-acceleration, and then produce the radio
relic as observed in A1367.
5 SUMMARY
We are witnessing the assembling of A1367 at a node of the
cosmic web, where the merging of subclusters and accretion
of groups are taking place. The two large subclusters are
merging along the SE-NW direction. We find a merger shock
at the NW edge of the cluster. The two subclusters passed
through each other ∼ 0.7 Gyr ago, based on the separation
of the two subcluster BCGs and the shock velocity. There
is a radio relic coincident with the shock region. We pro-
pose that the bulk of the seed relativistic electrons for shock
re-acceleration to produce the radio relic in A1367 come
from late-type, SF galaxies in this region. As star formation
can provide seed relativistic electrons, we expect mergers in
spiral-rich galaxy groups or proto-clusters (when the cosmic
SFR was much higher) to also generate radio relics in these
systems.
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